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Abstract
A means for synthesizing paramagnetic nanoparticles composed of an Au–Fe
alloy is described using pulsed laser deposition (PLD) of the alloy into a
mesoporous alumina membrane template. Nanoparticles 46 ± 13 nm in
diameter and composed of a 17% Fe alloy have been created by depositing a
35% Fe alloy into a template with 65 nm diameter pores. These paramagnetic
nanoparticles had a saturation magnetization of 11.5 emu g−1 at 2000 G, and
their UV–visible extinction spectrum was dominated by strong absorption
similar to that of Fe3O4 nanoparticles. The surfaces of these nanoparticles
were readily functionalized with a dense monolayer of DNA oligonucleotides
that had a 5′ thiol group. The Au–Fe nanoparticles appear to be well suited
for biotechnological applications and single molecule measurements as they
can be synthesized in a specific size range, are strongly paramagnetic, and
may be easily functionalized with biological macromolecules.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Paramagnetic particles are being used in an increasing
number of biotechnologies that include drug delivery [1], in
vivo imaging [2], hyperthermia therapy [3], diagnostics [4],
bioanalytical measurements [5–7], and affinity separation of
cells, viruses, and biological macromolecules [8–13]. The
particles used in these applications need to be stable in salt
solutions, uniform in size, and responsive to magnetic fields
that are produced by small permanent magnets. The micron-
size particles that are currently used for separation applications
are typically composed of assemblies of superparamagnetic
nanoparticles of magnetite or maghemite distributed in a
polymer matrix [14–19]. The polymer matrix stabilizes the
colloidal particles in aqueous solution and provides chemical
groups that can be conjugated to proteins and polynucleotides.
An inherent limitation of these iron oxide nanoparticle
composites is that they have a relatively low magnetization and
3 Author to whom any correspondence should be addressed.
will ultimately degrade due to the decomposition of magnetite
to a nonmagnetic ferrite [20–22].
Core–shell and alloy nanoparticles have recently been
synthesized that appear to overcome some of the limitations
of iron oxides. Zhong et al [23] have synthesized Fe3O4 core–
Au shell structures by forming an Au shell on a Fe3O4 core
particle. These nanoparticles were designed to be magnetic
and chemically stabilized by the Au shell. Unfortunately,
in our experience it appears that the Au shell forms a poor
diffusion barrier which we attribute to the high density of
grain boundaries in the Au shell. It can also be difficult to
synthesize these particles due to the need to conduct the gold
coating step in reagents that destabilize colloidal sols. Fe–
Pt alloy nanoparticles have recently been synthesized by Sun
et al [24] that appear have a very narrow size distribution and
a surface chemistry similar to that of pure Pt. Unfortunately,
these particles are not suitable for bioseparation as they appear
to have ferromagnetic properties.
Metal and semiconductor nanowires have been created
using templated deposition of material by the electrodeposition
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Figure 1. Process used to create the Au–Fe alloy nanoparticles.
(A)–(D) A mesoporous alumina template was synthesized by
electrochemical oxidation. (E) PLD deposition of the Au–Fe alloy in
the nanoporous template. (F) The template was then heated to 650 ◦C
for 3 h in an Ar/H2 environment. (G) The nanoparticles were
released from the template by removal of the alumina matrix.
in mesoporous alumina [25–29]. In this process, mesoporous
alumina is created by the anodic oxidation of aluminium in
acidic solutions that results in densely packed and highly
uniform nanometre-sized pores [30, 31]. These 20–200 nm
pores can be grown to depths of 10–100 μm. Electrodeposition
of metals in the mesoporous alumina produces highly uniform
cylindrical wires 20–200 nm in diameter and microns in length.
Recently, magnetic nickel wires have been created by this
templated synthesis approach [32].
In this paper we describe the templated synthesis
of magnetic nanoparticles of an Au–Fe alloy using PLD
deposition of the material into a mesoporous alumina matrix.
Au–Fe alloys have a well defined phase behaviour and are
known to form both a gold-rich fcc solid solution (Au) and
iron-rich bcc solid solution (αFe) [33–35]. At low iron
compositions the (Au) alloy is the predominant phase formed
if the material is quenched to room temperature. This material
is known to have spin glass or micromagnetic magnetic
properties, i.e., it is paramagnetic at room temperature but
has a freezing temperature at which the spins freeze but do
not have long-range order [36]. PLD was selected as a
means of deposition for the alloy in the mesoporous alumina,
rather than electron beam deposition or electrodeposition, to
avoid the phase separation during the deposition process.
The physical and chemical properties of these particles were
characterized using transmission electron spectroscopy (TEM),
UV–vis spectroscopy, and magnetometry. The fact that these
particles can be synthesized over a wide size range, are strongly
paramagnetic, and can be easily functionalized makes them
excellent candidates for bioanalytical applications.
2. Experimental details
The Au–Fe alloy nanoparticles were created using the three-
step process outlined in figure 1. The mesoporous alumina
templates were first prepared by anodic oxidation [31]. The
99.9987% pure, 200 μm thick aluminium sheets (Aldrich,
Milwaukee, WI) were prepared for oxidation by degreasing
in acetone (ACS grade, Aldrich, Milwaukee, WI) for 15 min
followed by electropolishing in a 50/50 by volume ratio
solution of ethanol/perchloric acid at 14 V for 15 min. A
first anodization was carried out in 0.3 M oxalic acid (ACS
grade, Aldrich, Milwaukee, WI) solution for 10 h at 40 V.
The anodized layer was released by reaction with a 0.15 M
phosphoric acid (ACS grade, Alfa-Aeser, Ward Hill, MA) and
0.15 M chromic acid (ACS grade, Alfa-Aeser, Ward Hill, MA)
solution for 15 min at 70 ◦C. The second anodization was
performed at the same conditions as the first anodization but
was carried out for 5 h to produce pores 30 μm in depth.
Pore widening was performed in 0.5 M phosphoric acid for
35 min at room temperature. Field emission scanning electron
microscopy (Hitachi S4800, Hitachi High-Technologies Corp.,
Berkshire, UK) of these surfaces revealed highly ordered
arrays of pores 60–70 nm diameter. In the second step, PLD
of the Au–Fe alloy was carried out with a commercial system
(PVD Product Inc., Wilmington, MA) equipped with a 248 nm
KrF excimer laser (Lambda Physik USA, Ft. Lauderdale, FL).
A 65%–35% Au–Fe alloy target was prepared by arc melting
and quenching the metals at 10−5 Torr vacuum (Model 5SA
Centorr Vacuum Inc., Nashua, NH). The alloyed particles
were deposited within the mesoporous anodized template at
a chamber base pressure of 5 × 10−7 Torr with a laser pulse
frequency of 5 Hz and a laser fluence of 3 J cm−2 for 2 h. The
distance from the alloyed target to the anodized Al template
was 15 cm. The nanoparticles were then annealed in the
alumina matrix at 650 ◦C for 3 h in an atmosphere of 5%
hydrogen and 95% argon. In the last step, this template was
immersed in a 0.5 M NaOH solution (ACS grade, Alfa-Aeser,
Ward Hill, MA) for 2 h to isolate the Au–Fe alloy particles
from the template. The nanoparticles were separated from the
NaOH solution with a permanent magnet, washed with 0.5 M
NaOH, and resuspended in UVO milli-Q water (Millipore,
Bedord, MA).
Electron microscopy was used to study the structure and
composition of the nanoparticles formed by the PLD templated
synthesis process. A CM12 TEM (Philips Electron Optics,
Eindhoven, Netherlands) was used to study these particles at
a 120 kV accelerating voltage with a resolution of 0.34 nm.
3. Results
3.1. Morphology of the Au–Fe alloy nanoparticles
Figure 2(A) presents transmission images of the as-deposited
nanoparticles which had a fairly broad distribution of sizes and
were irregular in shape. After annealing at 650 ◦C the shape
of the particles became more regular, as shown in figure 2(B),
with few small particles observed. The average diameter of
the annealed nanoparticle was 46 ± 13 nm, but a histogram
of the measured particle diameters, figure 2(C), reveals that
the diameters were either centred about 55 nm in diameter
or distributed between 20 and 40 nm. This size distribution
suggests that the PLD process naturally produces particles of
a mean diameter of 55 nm which we would expect from an
alumina template with 65 nm diameter pores. We believe that
the ‘line-of-sight’ nature of PLD leads to the production of
the smaller particles due to the deposition of the alloy on the
walls of the pores that are not aligned with the PLD deposition
axis. The change in shape and size of the nanoparticles after
annealing then appears to result from the coalescence of the
alloy that is driven by a lower interfacial free energy.
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Figure 2. Transmission electron micrographs of the Au–Fe alloy
nanoparticles produced by templated synthesis. (A) Micrograph of
the as-deposited nanoparticles with a 50 nm scale bar.
(B) Micrograph of the nanoparticles after annealing. (C) Histogram
of the diameters of the nanoparticles after annealing.
Selected area electron beam diffraction patterns were
simultaneously measured on the annealed Au–Fe alloy
nanoparticles and 40 nm gold nanoparticles purchased from
BBinternational (Cardiff, UK). Figure 3 presents the electron
beam diffraction patterns from the alloy (left) that were indexed
with the gold diffraction pattern (right). The alloy pattern
clearly indicates that the intermetallic nanoparticles have an
fcc crystal structure with a lattice parameter similar to that of
gold. This is consistent with previous studies of quenched Au–
Fe alloy at room temperature in which the fcc (Au) phase is
observed to form at iron compositions less than 60% [36, 37].
The calculated lattice parameter for the Au–Fe intermetallic
phase was 4.0312 ± 0.0507 A˚. The lattice parameters of bulk
(Au) alloys have been characterized for 15.7% and 20% Fe
using x-ray diffraction and found to be 4.0358 and 3.995 A˚,
respectively [37, 38]. Application of Vegard’s Law within this
range indicates that the (Au) alloy is composed of 17% Fe [36].
However, the phase behaviour of the (Au) alloy leads us to
predict that the nanoparticles should be composed of 35% Fe
if there were a direct transfer of material from the target to the
nanoparticles [38]. We believe that the Fe depletion is a result
of removal of iron from the surface of the nanoparticles during
the alumina etching step.
3.2. Optical properties
The UV–visible extinction spectra of the Au–Fe alloy
nanoparticles and several reference materials were measured
with a spectrophotometer (EZ lambda, Perkin Elmer,
Boston, MA). Figure 4 presents the extinction spectra
of 109 Au–Fe particles ml−1, 2 × 1013 Au particles ml−1,
and 1011 Fe3O4 particles ml−1. It is clear that the Au–Fe
nanoparticles strongly attenuate the transmitted light intensity
Figure 3. Electron diffraction patterns of Au–Fe alloyed


















Figure 4. Adsorption spectra of the Au–Fe alloy nanoparticles,
20 nm Au colloidal particles purchased from BBinternational, and
5–20 nm Fe3O4 colloidal particles.
between 260 and 450 nm. The 1/λ functional behaviour of the
extinction spectra suggests the optical activity of the Au–Fe
nanoparticles is dominated by absorption and not scattering.
It is clear that the Au–Fe nanoparticles’ extinction spectrum
is very similar to that of the Fe3O4 nanoparticles and that a
surface plasmon resonance peak is not observed that would
be characteristic of Au nanoparticles [38]. To our knowledge
this is the first time that the optical properties of Au–Fe alloy
nanoparticles have been measured. This measurement appears
to confirm that the electronic properties of the Au–Fe alloy
nanoparticles differ from those of Au and that Au nanoparticles
are not present in the Au–Fe nanoparticle suspension.
3.3. Magnetic properties
The magnetic properties of the Au–Fe alloy nanoparticles
were measured using a form of vibrating reed magnetometry
(nVSM) that allows measurements to be made on nanogram
quantities of samples. In this technique, the magnetic moment
of the magnetic material was sensed with a microfabricated
force transducer as an external magnetic field and field gradient
were applied to the material. The force (F) generated by a
volume of magnetic material V is related to the magnetization
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Figure 5. Magnetic field strength of the alloyed particles.
of the material M(B) through the equation
F = M(B)V d B
dz
where d Bdz is the magnetic field gradient. This force was
measured with an atomic force microscope equipped with
an ultralow noise optical lever detector (3D Molecular Force
Probe, Asylum Research, Santa Barbara, CA) using a silicon
oxynitride AFM cantilever (Olympus, Tokyo, Japan). The
spring constant for the microfabricated cantilever was carefully
independently determined from a shift in resonance frequency









where m is the mass of a quartz microparticle that was added
to the cantilever, k is the spring constant of the cantilever, and
ν0 and ν1 are the resonance frequencies of the cantilever before
and after the mass was added, respectively [39]. A mass of
approximately 300 ng of dried nanoparticles was then attached
to the end of the cantilever using approximately 0.3 ng of
UV-sensitive epoxy. The magnetization curve of the material
was determined by moving the AFM cantilever toward a
rectangular 0.5 inch × 0.5 inch × 0.125 inch neodymium iron
boron permanent magnet whose field was carefully mapped
using a Hall probe (GMW, San Carlos, CA). The accuracy of
this technique was limited by the force sensitivity of the AFM
and is ±0.1 emu g−1.
Figure 5 presents the magnetization properties of the
Au–Fe alloy nanoparticles measured with nVSM. It is clear
that the forward and retraction magnetization curves were
indistinguishable within the resolution of the technique, which
is consistent with the paramagnetic behaviour that we would
expect to observe in Au–Fe alloys at room temperature. That
is, magnetization measurements of the bulk (Au) phase have
demonstrated that the Curie temperature of the 20% Fe alloy
is 200 K [39]. The saturated magnetization of the Fe–Au alloy
nanoparticles was 11.5 emu g−1 and saturation was reached at
approximately 2000 G. The moment of individual Fe atoms in
the nanoparticles were determined to be 2.3 μb from the Curie
constant. This Fe moment is smaller than that of bulk Au–
Fe alloys, which range from 3.4 μb for 15% Fe to 3.76 μb
for 18% Fe [40, 41]. Magnetization measurements on the
bulk fcc solid solution phase (Au) have demonstrated it is very
stable even at elevated temperatures, i.e. no detectable αFe
precipitation was detected after heating this phase to 200 ◦C for
200 h [40]. However, bulk alloys have demonstrated a gradual
increase of susceptibility at longer times, which has been
attributed to the formation of Fe-rich, two-atom-thick platelets
in alloys with 14–19% Fe [42]. The Au–Fe alloy nanoparticles
have been stored and used in this laboratory for up to six
months with no observed change in their magnetophoretic
mobility.
3.4. Surface modification with thiol-modified DNA
oligonucleotide
The surfaces of the Au–Fe nanoparticles were functionalized
by reaction with a thiolated DNA oligonucleotide [43].
The DNA oligonucleotide that was used had the sequence
CGCATTCAGGAT and was 5′ labelled with a hexamethyl-
capped thiol and 3′ labelled with fluorescein (FAM®).
This HPLC purified and MALDI analysed oligonucleotide
was acquired from a commercial source (Integrated DNA
Technologies, Coralville, IA). The Au–Fe nanoparticles
particles were modified with this oligonucleotide after
deprotection of the thiol with dithiothreitol and careful
separation using size exclusion chromatography. Solutions of
1 μM oligonucleotide were reacted with ∼1012 particle ml−1
for 20 h in 10 mM phosphate buffer (at pH 7.0) and then 40 h
in 100 mM phosphate buffer. The total oligonucleotide density
on the nanoparticles was determined by displacing them with
25 mM mercaptoethanol (Aldrich, Milwaukee, WI, 98%) for
24 h, which has been shown to completely replace thiolated
oligonucleotide-immobilized Au [43]. The fluorescence signal
from the fluorescein-labelled DNA was then measured in the
free effluent using a fluorometer (LS 50B, Perkin Elmer,
Wellesley, MA) with excitation wavelength at 480 nm and
emission wavelength at 530 nm. The surface area of the Au–
Fe nanoparticles was determined by calculating a mean area
from all the particle diameters measured by TEM. The DNA
surface coverage for the Au–Fe nanoparticles was determined
to be 1.2 × 1013 cm−2, which is in reasonable agreement with
the 2.0 × 1013 cm−2 coverage measured for Au nanoparticles
prepared under identical conditions. These results are also
in reasonable agreement with the previously reported values
ranging between 2.0×1012 and 9.0×1013 cm−2 depending on
the length and the sequence of the DNA [43].
4. Conclusion
In summary, we have demonstrated for the first time that Au–
Fe alloy nanoparticles can be synthesized by PLD deposition
of the alloy in a mesoporous alumina template. The average
nanoparticle size obtained by depositing the alloy in 60–70 nm
pores was 46 ± 13 nm. The advantage of using templated-
PLD synthesis is that the alloy structure is maintained and
the size of the particle may be varied across a range that is
typically difficult to achieve with traditional solution-based
chemistry. The distribution of particle sizes was broadened
due to the line-of-sight nature of PLD but the influence of this
effect can be minimized by coalescing the particles through
annealing at 650 ◦C. The composition of the nanoparticle was
determined to be 17% Fe, which was lower than that of the
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35% Fe composition of the target. We attribute this loss in iron
to the etching of the alumina membrane, which is a process
that will also remove any iron that is distributed in near the
surface of the nanoparticle. The nanoparticles formed a gold-
rich fcc phase in which iron atoms were distributed, which
is consistent with previous reports of the behaviour of bulk
Au–Fe alloys. The optical activity of the Au–Fe nanoparticles
was found to be dominated by absorption, and the extinction
spectrum was very similar to that of Fe3O4 nanoparticles. The
Au–Fe nanoparticles showed paramagnetic properties at room
temperature with a saturation magnetization of 11.5 emu g−1
at 2000 G. Reaction with thiolated DNA oligonucleotides
produced a dense monolayer on the Au–Fe nanoparticles and
suggests that the particles react with thiol in a manner similar
to that of gold.
The Au–Fe nanoparticles appear to be well suited for
biotechnological applications and single molecule measure-
ments as they can be synthesized in a specific size range, are
strongly paramagnetic, and may be easily functionalized with
biological macromolecules. We believe that this is the first ap-
plication of a superparamagnetic particle to bioseparation that
is smaller than 100 nm. These particles should be able to react
rapidly with biological macromolecules due to their high dif-
fusion rates. Iron oxide nanoparticles have not been used for
bioseparation as they become ferromagnetic at approximately
30 nm and this size particle has a very low mobility. A poten-
tial limitation of the templated synthesis technique is the cost
of the fabrication of the nanoporous membrane template and
PLD deposition. We estimate that 1011 nanoparticles can be
produced on a 3 inch diameter template with yield of approx-
imately 50%. This suggests that templated synthesis appears
to be a viable approach to nanoparticle synthesis although the
capital costs associated with PLD deposition are not insignifi-
cant.
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